Abstract Quantitative participatory exploration of the many complex issues surrounding cross-sectoral climate change impacts, vulnerability and adaptation under uncertain futures is dependent on the provision, in some form, of scenarios and scenario outputs. However, the normal provision by the research community of pre-defined scenario outputs results in a lack of flexibility for stakeholders regarding choice of climate models, scenarios, scenario quantification and output indicators which in turn can lead to a lack of trust. This Special Issue describes the development and application of a web-based interactive simulation and display environment, called the CLIMSAVE Integrated Assessment (IA) Platform, which provides a holistic (cross-sectoral, climate and socio-economic change) modelling framework. The IA Platform guides the user through simulation of (1) potential impacts under scenarios of climate and/or socio-economic change, (2) identification of sectoral and multi-sectoral vulnerability 'hotspots' either before or after adaptation, (3) the potential for adaptation to reduce impacts within the capital constraints of the selected scenario(s), and (4) the cost-effectiveness of adaptation measures. The Special Issue explores how the IA Platform has been: (i) designed to provide a user-friendly, intuitive and facilitating, rather than predictive or prescriptive, environment for users; and (ii) utilised to quantitatively explore a diverse range of uncertain futures across Europe.
importance, no longer constitutes an effective climate change policy. Adaptation policymaking is a multi-level issue. Effective adaptation emerging out of decisions made by local community actors needs to be strongly supported by an empowering national and EU institutional setting which facilitates coordination and knowledge sharing among the EU Member States (Pataki et al. 2012) . However, the EU White Paper on a European adaptation framework (EC 2009) highlighted that information and research on climate change impacts and vulnerability in Europe remains fragmented and is not effectively shared across sectors and decision-making levels. Knowledge integration is further hindered by the provision of predefined scenario outputs by the research community. This presents a lack of flexibility for stakeholders as choices regarding scenarios, scenario quantification, sectors and output indicators have all been pre-determined by the researchers, which in turn can lead to a lack of transparency and trust.
To build trust and user relevance, it is important that stakeholders be participants in, rather than observers of, impact and adaptation studies (Turnpenny et al. 2004; Salter et al. 2010) . However, there are relatively few stakeholder-led quantitative studies which undertake a holistic assessment of the effects of our changing climate, taking explicit account of crosssectoral interactions and the influence of socio-economic and political changes in addition to climate changes Harrison et al. 2013) . There is, therefore, a need for participatory IA tools to facilitate this process. The CLIMSAVE (Climate Change Integrated assessment Methodology for cross-Sectoral Adaptation and Vulnerability in Europe) project developed and applied such a tool for Europe. The user-friendly, interactive web-based tool allows stakeholders to quantitatively assess climate change impacts and vulnerabilities for a range of sectors: agriculture, forests, biodiversity, coasts, water resources and urban development. The linking of models for the different sectors enables stakeholders to see how their interactions could affect changes to the rural and urban landscape of Europe. The tool also enables stakeholders to explore adaptation strategies for reducing climate change vulnerability, discovering where, when and under what circumstances such actions may help, within the capital constraints of the selected scenario(s). It further highlights the cost-effectiveness and cross-sectoral benefits and conflicts of different adaptation options and enables uncertainties to be investigated to better inform the development of robust policy responses. The tool has not been designed to be a decision support system, but rather to be an interactive, exploratory tool that raises awareness of the complex issues surrounding adaptation to climate change and facilitates a discourse between different groups of stakeholders on key issues or trade-offs that need to be considered in adaptation planning.
This Special Issue introduces the need for regional integrated assessments of future (climate and socio-economic) change, the role of stakeholders in such studies, the importance of considering cross-sectoral interactions and provides an overview of key findings from applying the CLIMSAVE integrated assessment tool to assess the crosssectoral implications of climate change impacts, vulnerability and adaptation in a series of 17 papers (Fig. 1 ).
What is CLIMSAVE?
CLIMSAVE was a research project funded by the European Union from 2010 to 2013. It was a large multi-institution endeavour involving 18 European and international partners from 13 countries, including small and medium size enterprises and specialists in stakeholder engagement and workshop facilitation. The main aim of CLIMSAVE was to deliver an integrated methodology to assess cross-sectoral climate change impacts, vulnerability and adaptation. It aspired to put science at the service of stakeholders and policy-makers by providing a webbased platform that is freely accessible to all users, enabling them to undertake their own improved IA of climate change impacts, vulnerability and cost-effective adaptation measures for key sectors in Europe. Comparisons with similar research in China were also drawn. There were six specific objectives:
1. To develop an IA Platform which includes linkages and feedbacks between key landscape sectors; 2. To integrate stakeholder input into climate change impacts and adaptation research through the development of participatory socio-economic scenarios which are integrated into the IA Platform along with a range of climate scenarios; 3. To apply the IA Platform to assess climate change impacts and adaptation options across different sectors and ecosystem services, along with consideration of their uncertainties; 4. To identify vulnerability hotspots through metrics of impacts and coping capacity across sectors within the IA Platform; 5. To provide information on the cost-effectiveness of adaptation measures within the IA Platform; 6. To analyse the policy and governance context for adaptation, and synergies and trade-offs between adaptation and mitigation, in order to inform appropriate policy options.
The CLIMSAVE approach
Previous research on climate change impacts, vulnerability and adaptation methods has demonstrated that there is a need for participatory modelling tools, but only if they are perceived by stakeholders as being both credible, accurate, easy to understand and appropriate ). This implies moving away from participatory design approaches (Dittrich and Lindeberg 2004 ) that focus on software-based issues of user and usability requirements (Pahl 2004; Dempsey and Fisher 2005; Hanson et al. 2006 ) to a stakeholder-led research paradigm where stakeholders are embedded in and through the research process such that the necessary trust in, and legitimacy of, the tool is developed. Although there have been a very small number of previous participatory modelling projects (such as the Regional Impact Simulator; Holman and Harman 2008) that have attempted such an approach, the depth of stakeholder engagement throughout CLIMSAVE is unlike earlier studies. The CLIMSAVE process (Fig. 2 ) combined an objective approach to stakeholder selection (Gramberger et al. this volume) , participatory scenario development that included both qualitative and quantitative fuzzy set theory approaches (Kok et al. this volume) , iterative IA Platform design (addressing issues of functionality, cognitive accessibility and interactivity), and the participatory identification, testing and selection of robust adaptation options. It is increasingly recognised that an integrated approach is needed to address environmental problems, which moves away from a sectoral (or silo) view of impacts to recognising the importance of cross-sectoral interactions. CLIMSAVE addressed this in the development and linking of a series of sectoral models, in which data were passed down a model chain representing cross-sectoral interactions (Fig. 3 ). For example, the spatial allocation of crops to agricultural land across Europe is not only influenced by the demand for food (determined by the socio-economic scenario) and future crop yields (simulated by the crop model), but also by land suitability restrictions (due to flooding, soil limitations and ecological protection) and the competing demands for water and land (from urban development and forestry).
The CLIMSAVE approach, including both the stakeholder workshops and IA Platform development, was implemented at two scales: for Europe and a regional case study (Scotland). Harrison et al. (2013) This Special Issue is focused on Europe, but details of the Scottish results are given in and Harrison and CLIMSAVE consortium (2013) .
Climate and socio-economic scenarios
Uncertainty is inherent and unavoidable when considering the impacts of future climate and socio-economic change on Europe. As a result, these high level uncertainties had to be explicitly taken into account within the CLIMSAVE process, as adaptation options that are robust to multiple climate (Dubrovsky et al. this volume) and socio-economic (Kok et al. this volume) scenarios are needed to inform future policy (Jäger et al. this volume) . However, the incorporation of uncertainty into participatory tools, such as the CLIMSAVE IA Platform, has to balance the conflicting pressures of recognising the diverse sources of uncertainty and their magnitudes against providing so many degrees of freedom that the user gets lost or confused.
It can be impractical to include outputs from all Global Climate Models (GCMs) in participatory tools or in large-domain climate impact assessments, so (Dubrovsky et al. this volume) present a novel methodology that was used in CLIMSAVE for identifying a representative subset of GCMs for inclusion in the IA Platform. An objective methodology to identify a subset of five GCMs, based on both the quality of the GCMs' simulation of historical seasonality in climate and the ability of the subset to represent the full inter-GCM variability, was developed and compared with a subjective approach based on expert judgment.
The stakeholder-led CLIMSAVE socio-economic scenarios were developed in four broad stages, described in Kok et al. (this volume) , through a series of professionally facilitated workshops based on: (i) identifying the main concerns about future developments (EEA 2010); (ii) selecting two key uncertainties for the "scenario axes technique" (Van't Klooster and Van Asselt 2006) to sketch four skeleton scenarios; (iii) drafting and refinement of the scenario storylines and associated qualitative products; and (iv) quantification of scenario variables using fuzzy set theory (Alcamo 2008) . The participatory process resulted in a broad range of futures which are envisioned to be plausible for Europe:
& 'We are the World' is the most prosperous future scenario, combining high levels of innovation and gradual economic development. Effective governments change the focus from GDP to well-being, which leads to a redistribution of wealth, and thus to less inequality and more (global) cooperation. & 'Icarus', by contrast, focuses on short-term policy planning, which together with a gradually stagnating economy, leads to the disintegration of the social fabric and to a shortage of goods and services. & 'Should I Stay or Should I Go' is characterised by actors failing to address a rollercoaster of economic crises, which leads to an increased gap between rich and poor, to political instability and to conflicts. In this scenario most citizens live in an insecure and unstable world. & 'Riders on the Storm' is equally hit hard by continual economic crises. However, actors successfully counter the situation through investment in renewable energies and green technologies. In this scenario Europe is an important player in a turbulent world.
The climate and socio-economic scenarios have not been formally linked in the IA Platform. This allows the user to explore scenario combinations that are internally consistent through their associated carbon emissions, or socio-economic scenarios in which European emission trajectories are divergent from global trends.
The CLIMSAVE integrated assessment platform

Development of the IA platform
Developing a useful supporting tool that informs stakeholders' adaptation thinking and planning requires balancing Platform complexity (as given by the choices available to users regarding input scenarios and settings) and stakeholder information needs with Platform design Holman et al. 2013) , such that useful and credible output indicators are provided at a range of appropriate scales (Harrison et al. this volume; Kebede et al. this volume) . It also needs to be scientifically robust, recognising that the European rural and urban landscape in its broadest sense is a complex socio-ecological system with multiple interactions and feedbacks between sub-systems (Audsley et al. this volume; Brown et al. this volume; Harrison et al. this volume; Kebede et al. this volume; Mokrech et al. this volume; Wimmer et al. this volume) , and one in which capital (social, human, manufactured, natural and financial) availability imposes limits on short-term coping and longer-term adaptation responses to environmental change (Dunford et al. this volume; Skourtos et al. this volume; Tinch et al. this volume) .
The four screens within the IA Platform (Fig. 4) have incorporated all of these elements in order to facilitate a structured exploration of impacts, vulnerability, adaptation and adaptation cost-effectiveness:
Impacts screen (Fig. 4a Vulnerability screen (Fig. 4b) This screen is used to investigate which areas or 'hotspots' in Europe may be vulnerable to climate change under a given socio-economic scenario, before and/or after adaptation. Vulnerability is defined as the degree to which a system is susceptible to, or unable to cope with, the immediate adverse effects of climate change. The Vulnerability screen combines impacts before (potential impact) or after adaptation (residual impact), which are taken from the outputs of the "Impacts" and "Adaptation" screens, respectively, with coping capacity to derive vulnerability. The screen can be used to map vulnerability to single or multiple ecosystem service indicators covering food, water, flooding, biodiversity, cultural/ aesthetic aspects and land use diversity.
Adaptation screen (Fig. 4c) This screen is used to investigate how adaptation can reduce the longer-term impacts of climate change in a scenario. The amount of allowable adaptation (as given by the size of the green zone on the adaptation sliders) is limited according to both the likely importance of the given adaptation response within the socio-economic scenario and the adaptive capacity of the scenario, based on the availability of the limiting capital for a given adaptation response. The screen can be used to: & Assess whether adaptation responses can fully or partially address adverse impacts, within the constraints of the socio-economic scenario; & Assess whether increased adaptive capacity (as given by the availability of capitals) is required to adequately adapt to climate change.
Cost-effectiveness screen (Fig. 4d) This screen is used to consider the relative cost and effectiveness of adaptation measures to reduce the impacts of climate change. An extensive database of adaptation costs drawing on hundreds of published studies from around the world was collated to inform the costs, and uncertainty in costs, of 'hard' adaptation measures (Skourtos et al. 2013) . The costs of 'soft' adaptation measures and the potential of hard and soft options to contribute to overall effective adaptation in a sector were identified using expert judgement. This screen can be used to:
& Evaluate the range of hard and soft adaptation measures that might be available to implement the adaptation response modelled within the "Adaptation" screen; & Consider the multiple facets of adaptation planning, considering the costs, effectiveness, availability of limiting capitals and the cross-sectoral effects (both win-wins and unintended consequences).
Synthesis of results from application of the IA platform
The application of the IA Platform to study the effects of climate and socio-economic change on sectoral and cross-sectoral impacts, adaptation and vulnerability is described in several papers within this Special Issue. New insights into the complex interactions between different sectors are discussed by Kebede et al. (this volume) , who use sensitivity analysis to assess sectoral interdependencies under a range of systematic and independent changes in climate and socio-economic variables, and by Harrison et al. (this volume) , who analyse cross-sectoral interactions for a wide range of combined scenario futures. Those sectors most sensitive to changes, the mechanisms and directions of sensitivity, the form and magnitudes of change, and the relative importance of the key drivers across sectors are identified by Kebede et al. (this volume) . This assessment enables a better understanding of the nature of complex cross-sectoral interactions, providing essential information for interpreting impacts from future scenarios. For example, Harrison et al. (this volume) highlight how Europe will be significantly influenced by future climate and socio-economic change, including increases in urban development in most scenarios which indirectly result in increases in the number of people affected by a 1 in 100 year flood event in western and northern Europe. Furthermore, food production was found to generally increase across Europe at the expense of forest area and unmanaged land, leading to increases in biodiversity vulnerability and water exploitation in southern and eastern Europe.
More specific assessment of impacts and adaptation have been undertaken for flooding (Mokrech et al. this volume) , water allocation (Wimmer et al. this volume) and agricultural and forest land use (Audsley et al. this volume) , each taking account of cross-sectoral interactions. Mokrech et al. (this volume) found that flood impacts generally increase in the future, especially due to sea-level rise, and that impacts of more extreme scenarios can only be reduced to current levels by major adaptation measures, such as upgrading flood protection by 500 % or more from baseline levels. Wimmer et al. (this volume) show that significant water resource shortages may result from climate and socio-economic change in many regions of Europe, particularly in the Mediterranean. Assessment of the performance of multiple water allocation schemes, in balancing adverse impacts across water use sectors and aquatic ecosystems, indicates that cross-sectoral impacts are lowest if either the domestic or manufacturing sector is assigned higher priority than agriculture. Audsley et al. (this volume) highlight the advantages of combining simplified models of crop and forest yields with farm profitability and water availability to predict changes in European land use. The fast simulation times associated with such meta-models allow rapid iteration and identification of the most important driving factors in matching supply and demand for food and water. The authors found that changes in population, yield improvement due to technology and agronomy, and food imports have the greatest impact, particularly when compared with climate. Mokrech et al. (this volume) , Wimmer et al. (this volume) and Audsley et al. (this volume) also found that the effectiveness of adaptation options in reducing potential impacts is often limited by the adaptive capacity of societies under the different scenarios. Tinch et al. (this volume) discuss how different adaptation options have different requirements for implementation, some of which might not be feasible under the conditions of particular socio-economic scenarios. They demonstrate how an index of adaptive capacity can be developed using a capitals (human, social, manufactured, financial) model of societal wealth and incorporated within integrated assessment models, such as the CLIMSAVE IA Platform. As part of the implementation of this approach, stakeholder workshops and sector-specific expert judgement were used to estimate the availability of capital stocks within any given socio-economic scenario (Kok et al. this volume) . These were compared with capital requirements for specific adaptation options to determine the levels of adaptation that are 'plausible' in the sense of being consistent with scenario assumptions.
A capitals approach was also used to develop an index of coping capacity in Europe for mapping vulnerability 'hotspots' (Dunford et al. this volume; Tinch et al. this volume) . Results from combining coping capacity with potential impacts suggest that human well-being is most at risk from water stress and biodiversity loss in southern Europe, and from a lack of food provision and land use diversity in northern Europe. The European assessment was compared with results from applying a similar capitals approach for assessing adaptive capacity in China (Chen et al. this volume) . Here, the authors show that China currently has a relatively low average adaptive capacity compared to the UK, USA and Australia. Furthermore, 17 out of its 31 provinces have adaptive capacities below this relatively low national average level, with eastern provinces having higher levels than central and western provinces. Li et al. (this volume) build on this study to model the vulnerability of agriculture to climate change in China, showing that provinces in southwest China are particularly vulnerable by the 2040s due to varying combinations of exposure, sensitivity and adaptive capacity.
In addition to developing new insights into climate change impacts, adaptation and vulnerability, CLIMSAVE has also considered the costs and potential of adaptation options, which are important for effective decision-making in the face of climate change. However, cross-sectoral effects of adaptation measures are rarely taken into consideration in adaptation costing and cost-effectiveness analysis. Therefore, Skourtos et al. (this volume) developed and applied a new analytical tool, 'CrossAdapt', to elicit expert judgment on the cross-sectoral effects of proposed adaptation measures in the six CLIMSAVE sectors. The application of CrossAdapt shows that the calculation of cross-sectoral impacts and their integration into cost-effectiveness analysis can significantly affect the cost-effectiveness ranking of adaptation measures. These results are incorporated within the cost-effectiveness screen of the IA Platform along with the relative costs, capital requirements, applicability and effectiveness of specific adaptation options. It remains impossible, with the current state of knowledge, to derive robust monetary measures of the cost-effectiveness of adaptation options at the European scale and how these might alter if cross-sectoral impacts are taken into account. The cost-effectiveness analysis is therefore restricted to a qualitative description that helps platform users to think about adaptation options, while leaving the numerical focus on impacts that are estimated more rigorously, and in a spatial framework, in the other screens of the platform.
Policy implications
The EU White Paper on "Adapting to climate change: Towards a European framework for action" (COM (2009) 147), stated that the EU is committed to "implementing adaptation to reduce the EU's vulnerability to the impact of climate change". The assessment of future climate change impacts and vulnerabilities, however, are subject to a number of uncertainties including those arising from the modelling and the underlying datasets, the assumptions about scenario parameters, especially those affecting alternative socio-economic development pathways, and the magnitude of error propagation through integrated modelling systems. The CLIMSAVE IA Platform has sought to capture some of these by formally identifying and quantifying these sources of uncertainty (Brown et al. this volume; Dubrovsky et al. this volume; Kok et al. this volume; Dunford et al. 2014) , thus enabling the exploration of the robustness of alternative policy response strategies (Jäger et al. this volume) .
The importance of taking the inherent and unavoidable uncertainty in future climate and socio-economic conditions into account, as well as uncertainty due to error propagation in integrated assessment models, has been demonstrated by Dunford et al. (2014) using formal numerical approaches, modeller interviews and network analysis. Brown et al. (this volume) explored model and scenario uncertainty through a probabilistic uncertainty analysis of selected IA Platform output metrics. They found that, at the aggregate European scale, uncertainty ranges associated with the sectoral or ecosystem service output values for the four CLIMSAVE socio-economic scenarios were not consistently distinct from one another, thus suggesting that climate-related uncertainty had a larger effect than socio-economic-related uncertainty on the metrics. Nevertheless, there was evidence that particular adaptation actions may significantly alter climate change impacts, especially at the national to local scales.
Given these uncertainties about future climate change and socio-economic development there is a need to identify robust policy responses (Jäger et al. this volume) . In that study, the authors defined a robust policy measure as one which has benefits (in terms of an improvement in human well-being through a reduction of vulnerability to climate and socio-economic change) across sectors, scenarios and spatial scales. Adaptation options were clustered into four policy archetypes: Ecosystem-based Adaptation (EbA), Market-based Adaptation (MbA), Technology-based Adaptation (TbA) and People-based Adaptation (PbA). The IA Platform was then run without any adaptation and with each of the policy archetypes. The People-based archetype was found to be the most robust as it includes options that increase both human and social capital, which thus increases coping capacity.
In addition to identifying robust adaptation options, the need for sectors to take action on both adaptation and mitigation and to realise the synergies between them was recognised in the EU Strategy on Adaptation to Climate Change (EC 2013). A review of adaptation and mitigation measures undertaken within the six sectors in the IA Platform showed that many synergies and conflicts are not explicitly acknowledged and taken into account when considering their impacts (Berry et al. this volume) . The authors found that many of the synergies and conflicts involved biodiversity and water, thus, these sectors may represent important ones for further investigation of the potential opportunities to realise synergies and avoid conflicts. If effective action is to be taken, including mainstreaming adaptation and mitigation into policy, then the cross-sectoral synergies and conflicts should be identified and addressed, which might require greater coordination of governance.
Conclusions
The CLIMSAVE project has developed and applied a regional participatory IA tool for Europe called the CLIMSAVE IA Platform. The Platform addresses the need for holistic assessments of the effects of our changing climate which take account of stakeholder requirements, the effects of both climate and socio-economic change, and cross-sectoral interactions. It allow users to explore the complex issues surrounding impacts, vulnerability and adaptation to climate change at regional and European scales through four screens: (1) Impacts -how different amounts of future climate and socio-economic change may affect urban, rural and coastal areas, agriculture, forestry, water and biodiversity; (2) Vulnerability -which areas or 'hotspots' in Europe may be vulnerable to climate change under a specified scenario, before and after adaptation; (3) Adaptation -how adaptation options can reduce the impacts of climate change; and (4) Cost-effectiveness -the relative cost and potential of adaptation measures to reduce the impacts of climate change.
This Special Issue describes the many challenges in participatory IA and demonstrates the benefits of the integrated CLIMSAVE approach for improving understanding of climate change impacts, vulnerability and adaptation at multiple scales. The integration of top-down impact, vulnerability and adaptation modelling and bottom-up scenario development processes within the CLIMSAVE approach has improved the representation of adaptation in such modelling, by incorporating scenario-specific storylines and capital constraints. However, there are likely to be further benefits in understanding to be gained by incorporating an improved representation of human decision-making and policy processes associated with adaptation for regional integrated assessment. Furthermore, the Platform is not intended to provide detailed local predictions, but to assist stakeholders in developing their capacity to address regional/ national/EU scale issues surrounding climate change. It is, thus, intended to complement, rather than replace, the use of more detailed sectoral tools used by sectoral professionals and academics. The Platform is aimed at a broad target group of professional, academic and governmental stakeholders through free web access and an interactive, exploratory and user-friendly interface. It is also expected to be a valuable teaching tool which contributes to a better adapted Europe through assisting the intellectual development of future decision-makers in understanding cross-sectoral implications of a diverse range of uncertain futures across Europe.
